Here, we report generation and characterization of Disrupted-InSchizophrenia-1 (DISC1) genetically engineered mice as a potential model for major mental illnesses, such as schizophrenia. DISC1 is a promising genetic risk factor for major mental illnesses. In this transgenic model, a dominant-negative form of DISC1 (DN-DISC1) is expressed under the ␣CaMKII promoter. In vivo MRI of the DN-DISC1 mice detected enlarged lateral ventricles particularly on the left side, suggesting a link to the asymmetrical change in anatomy found in brains of patients with schizophrenia. Furthermore, selective reduction in the immunoreactivity of parvalbumin in the cortex, a marker for an interneuron deficit that may underlie cortical asynchrony, is observed in the DN-DISC1 mice. These results suggest that these transgenic mice may be used as a model for schizophrenia. DN-DISC1 mice also display several behavioral abnormalities, including hyperactivity, disturbance in sensorimotor gating and olfactory-associated behavior, and an anhedonia/ depression-like deficit.
R
odents are frequently used to provide models for human disease. Especially, mice are used for genetically engineered models when causal or risk genes for specific diseases are known. In physical conditions, such as metabolic syndrome or cardiovascular diseases, information may be translated between mouse models and human disease, because disease-specific biochemical and physiological markers are available. In contrast, it has been very difficult to generate models that mimic psychiatric disorders, such as schizophrenia (SZ) and mood disorders (1) .
Although mice treated with psychomimetic compounds, such as amphetamine or phencyclidine, are currently used as models for SZ (2), they may not reflect any disease etiology. It has been suggested that susceptibility genes for SZ that have recently become available may be advantageous in producing more etiology-relevant models (3) . Disrupted-In-Schizophrenia-1 (DISC1) is one promising susceptibility factor for major mental illnesses, including SZ, bipolar disorder, and major depression (4, 5) . Moreover, a chromosomal translocation disrupting the DISC1 gene in the middle of its ORF segregates with psychiatric disorders in a large Scottish pedigree (4, 5) .
Two independent studies have addressed mutations in the mouse DISC1 gene and the resulting impact on central nervous system function. Gogos and colleagues (6) reported a 25-bp deletion in exon 6 of the DISC1 gene in the 129S6/SvEv mouse strain. When this spontaneous mutation is transferred to a C57BL/6 genetic background, together with an artificial stop codon at the end of exon 8 and an artificial polyadenylation signal after exon 8, the mice display deficits in working memory. At the protein level, 129S6/SvEv mice retain the majority of DISC1 isoforms in comparison with C57BL/6 mice (7). Clapcote and colleagues (8) reported on two independent mutant lines with missense mutations that were introduced by N-nitroso-Nethylurea (ENU) mutagen. The amino acid changes at Q31 and L100 lead to anatomical and behavioral changes in mice. Interestingly, these two mutations result in different types of behavioral deficits and pharmacological responses. Because these two amino acids are not conserved between rodents and humans, their direct involvement in human conditions is unclear.
In contrast, in humans, several studies have suggested that partial loss of DISC1 may be associated with mental illness. Expression of DISC1 in lymphoblasts from subjects with bipolar disorder bearing a risk genetic haplotype is markedly decreased in comparison with that from control subjects who have a protective haplotype (9) . The significance of the disruption of the DISC1 gene in the Scottish family is still controversial (10). Millar et al. (11) reported that there is no immunoreactivity for mutant DISC1 in lymphoblasts from patients in the Scottish family, suggesting that the familial mutation might lead to haploinsufficiency. Because protein isoforms of DISC1 are substantially different between lymphoblasts and brain, the disruption of the DISC1 gene could lead to production of the C-terminal truncated DISC1 protein in the patient brains. Two groups, including ours, reported that the putative truncated protein functions as a dominant-negative (12, 13) . Our group published that in cell models the truncated protein forms a dimer with wild-type (wt) protein, disturbing the normal function and subcellular distribution of wt protein, particularly with respect to microtubular dynamics. Furthermore, both introduction of the C-terminal-truncated dominant-negative mutant and suppression of endogenous DISC1 with RNAi result in similar cellular effects in cultures as well as the developing cerebral cortex in vivo (12) . Taken together, a partial loss of DISC1 may be involved in the pathology of major mental conditions. Although it would be desirable to generate DISC1 knockout or knockdown mice to mimic the disease conditions, the complexity of the exon usage in this gene, which results in complicated patterns of isoforms, has so far precluded such efforts.
Here, we report the generation and initial characterization of DISC1 genetically engineered mice. In this model, we exog-enously express the dominant-negative truncated DISC1 (DN-DISC1) under the ␣CaMKII promoter. We chose the ␣CaMKII promoter because endogenous DISC1 is preferentially expressed in the pyramidal neurons of the cortex and hippocampus (14) . DN-DISC1 mice display phenotypic changes in measures that are translatable as objective markers for SZ.
Results
Generation of DN-DISC1 Transgenic (tg) Mice. Expression of dominant-negative proteins has been frequently used in animal models to achieve partial loss of function for other proteins (15, 16) . Therefore, we generated mice expressing the dominantnegative C-terminal truncated DISC1 (DN-DISC1) under control of the promoter for ␣CaMKII (Fig. 1a) . This promoter drives gene expression after birth in forebrain neurons, mainly in the pyramidal neurons of the cortex and hippocampus, and the granule neurons in the dentate gyrus of the hippocampus (17) . This expression pattern is similar to that of endogenous DISC1 (14) . We generated the tg mice in the C57BL/6 background to avoid complicated interpretations because of strain differences. We confirmed that exogenous DN-DISC1 is expressed in the olfactory bulb, frontal cortex, hippocampus, and basal ganglia of two independent tg lines (lines 10 and 37) at 2 months old (Fig.  1b) , consistent with the results of the ␣CaMKII-driven exogenous molecules in other tg mice (18, 19) . To define the expression pattern of exogenous DN-DISC1 in more detail, we used in situ hybridization and observed that the exogenous DN-DISC1 is preferentially expressed in neonatal stages rather than in adulthood, especially in the pyramidal neurons in layers II-III of the medial prefrontal cortex and in the granule neurons in the dentate gyrus of the hippocampus (Fig. 1c) . There is no antibody available that can selectively detect exogenous human DISC1 in mice. Consistent with the previous study (12) , DN-DISC1 did not affect expression levels of endogenous DISC1 [supporting information (SI) Fig. 5 ]. Heterozygous tg and wt littermate males from the two lines (10 and 37) were compared in further experiments and produced similar results.
Disturbance of SZ-Associated Pathophysiological Markers in DN-DISC1 tg Mice. As mentioned above, the main obstacle in translating between rodent models and humans is the lack of diseasespecific and objective biomarkers relevant to SZ. SZ is a syndrome, that is, a mixture of etiologically heterogeneous but clinically similar conditions. Biomarkers applicable to all of the cases of SZ may not be available. Nevertheless, a few physiological markers, although not disease-specific, have been repeatedly found in many SZ patients. Enlargement of the lateral ventricles was found in 80% of 55 studies, making it the most robust MRI finding in SZ (20) . Asymmetrical changes, such as left-dominated ventricular enlargement and hemispheric shrinkage, are frequently reported in SZ brains (21) (22) (23) .
To determine whether such translatable and pathophysiological markers are disturbed in the DN-DISC1 tg mice, we first examined the volume of the lateral ventricles by in vivo MRI scans (Fig. 2a) . In tg line 10, there was significant enlargement of the volume of the lateral ventricles at 6 weeks old; similar changes were observed also in line 37. This enlargement may not be due to progressive neurodegeneration, because the difference is compensated with unknown mechanisms in the same mice when they reach 3 months old. The total brain volume in DN-DISC1 tg mice was unchanged at both ages in comparison with that in wt mice.
When looking more carefully at the results of 6-week-old mice, we also found that asymmetry between the left and right lateral ventricles in the wt littermates of our cohort was lost or even between tg (n ϭ 6) and wt (n ϭ 6) ( * , P Ͻ 0.05).
reversed in the DN-DISC1 tg mice (Fig. 2b) . In line 10 tg mice enlargement of the left side was augmented in the in vivo MRI scans, as shown by left-right ratio. To further characterize the anatomical changes at 6 weeks old, we conducted ex vivo MRI scans and found a significant change in the left/right ratio in the hippocampus, but not in the cortex and the basal ganglia, of the tg mice compared with wt littermates (Fig. 2c) . The relative enlargement of the left lateral ventricle in the tg mice can reasonably be correlated with relative shrinkage of brain structures on the same side. There is suggestive evidence that may further support asymmetrical changes in DN-DISC1 tg mice, as the left/right ratio of T2 signal is significantly different in the thalamus of DN-DISC1 mice compared with that of wt littermates (SI Fig. 6 ). Abnormal neural synchrony has been reported in patients with SZ. Selective reduction of immunoreactivity in a specific type of interneurons, parvalbumin-positive neurons, in the cortex, especially in layers III and IV, is known to correlate with this physiological abnormality (24) (25) (26) . Thus, we examined parvalbumin, calbindin, and calretinin in sections of medial prefrontal cortex from 3-month-old line 37 mice by immunohistochemistry (Fig. 3) . We observed a significant, although modest, reduction in parvalbumin, but not calbindin immunoreactivity, as well as suggestive reduction of calretinin (27) , in DN-DISC1 mice.
Behavioral Alterations in DN-DISC1 tg Mice. Next, we explored whether these disturbances detected by SZ-associated pathophysiological markers result in behavioral alterations in DN-DISC1 tg mice. The tg mice did not display abnormalities in the rotarod task, suggesting intact motor coordination (SI Fig. 7) . DN-DISC1 mice placed in an open field for 2 h were hyperactive (increase in general and rearing activities) (Fig. 4a) . Because the hyperactivity was more prominent during the second hour, it may not be directly induced by placement in a novel field, but by a more intrinsic disturbance. There was no difference in the percent of time spent in the center in comparison with the periphery between tg and wt mice, (SI Fig. 8a ), suggesting no anxiety traits in DN-DISC1 mice. Consistent results were obtained from elevated plus maze studies (SI Fig. 8b ). We also assessed prepulse inhibition, a measure of sensorimotor gating involving the cerebral cortex that is often impaired in patients with SZ (28) . DN-DISC1 mice displayed no robust difference compared with wt littermates in prepulse inhibition, except significant reduction when the prepulse was 74 dB (Fig. 4b) . Cortical disturbance may also lead to deficits in working memory. Nonetheless, at least in the Y-maze, we did not observe any difference in spontaneous alternation between DN-DISC1 tg and wt mice (Fig. 4c ). In this model, spatial learning and memory in the Morris water maze were intact (SI Fig. 9 ). DN-DISC1 mice took significantly more time than the wt mice to find hidden food (Fig. 4d) , which may reflect a problem in olfaction, but may also be influenced by poor motivation. Because no difference in body weight was observed between two groups, it is unlikely that the results reflect differences in hunger or metabolism. We did not observe difference between DN-DISC1 and wt in a paradigm testing social interaction (data not shown). This paradigm may be potentially affected by olfaction. DN-DISC1 mice displayed increased immobility in the forced swim test (Fig. 4e) , which is frequently used as an indicator for depression but may parallel anhedonia found in patients with SZ (29).
Discussion
We have generated a mouse model with genetic disturbance of DISC1, a promising susceptibility factor for major mental illnesses such as SZ. The DN-DISC1 mice display several abnormalities, including enlargement of the lateral ventricles in juveniles, deficits in a specific subset of interneurons in cortex that underlie abnormal neural synchrony, and impaired sensorimotor gating. Disturbance of these objective markers, although not disease-specific, is commonly reported in SZ patients (20, 24, 28) . Thus, consistent abnormalities of such SZ-associated changes can suggest that the present mouse model may mimic at least a subset of human SZ.
We believe that this model has two advantages: First, this DISC1 model is generated in a pure C57BL/6 background, which is a standard genetic background for behavioral assays (30) . Second, the molecular mechanism of the C-terminal truncated DISC1 (DN-DISC1) has already been well characterized in cell models (12, 13) . In utero injection of DN-DISC1 and DISC1 RNAi consistently results in dendritic changes in mice (12) . These changes are postulated as the underlying reason of enlarged lateral ventricles in SZ patients (31) . Therefore, this model is a promising tool for exploring the genetic-phenotypic relationships in the pathway(s) involving DISC1.
In MRI scans, we observed enlarged lateral ventricles in DN-DISC1 tg mice at 6 weeks old. We do not know why such significant enlargement may become undetectable at 3 months of age. Age-dependent change of ventricular enlargement is still a controversial issue in brain imaging of SZ patients. The consensus is that enlargement of lateral ventricles is seen at the onset of the disease in many cases of SZ. After the onset, some display further enlargement of the ventricles (20) , but volume reduction has also been reported (32, 33) . Our results indicate that the enlargement of DISC1-DN is associated with deficits in neurodevelopment, but not with the process of progressive neurodegeneration.
Asymmetrical alterations have been frequently reported in SZ brains (34) . Consistent with observations that indicate greater enlargement of the lateral ventricle in the left hemisphere of SZ brains (21) (22) (23) , relative enlargement of the left ventricle was observed in DN-DISC1 tg mice.
It is of interest that various types of disturbances of DISC1, such as deletion in a coding exon (6), missense mutation (8) , and expression of a dominant-negative mutant in the present model, lead to common behavioral changes in some paradigms, but not in others (Table 1) . Objective comparison between the DISC1 mouse models will provide us with a better understanding of the normal and pathological roles for DISC1 in the brain. Genetic polymorphisms in the DISC1 gene are associated with various types of neuropsychological alterations in humans (35) (36) (37) (38) . Possible correlations of altered behavioral traits between humans and DISC1 mouse models should be considered.
DISC1 can be a target for therapeutic strategies for major mental illnesses: DISC1 can regulate enzymatic activities of phosphodiesterase-4 (PDE4) (11) and endooligopeptidase A/NDEL1 (39) . Genetic variations in DISC1 may alter these activities, which could affect key cellular signaling, such as the cAMP cascade, potentially involved in the pathophysiology of major mental illnesses. DN-DISC1 tg mice may be used to screen compounds that may normalize these cascades.
We note that, although we found significant alterations in several physiological and behavioral characteristics in DISC1 tg compared with wt mice, the differences are quite subtle. Because SZ is caused by a combination of several genetic and environmental factors (40), the subtle but significant changes caused by disturbance of a single genetic factor imply that additional genetic and/or environmental insults are required for full manifestation of the disease pathophysiology in mouse models. Thus, we suggest that the present model has advantages for testing genetic epistatic effects, as well as gene-environmental interactions for major mental illnesses. Cross-breeding of this mouse model with other genetically engineered mice or experiments involving viral infections may be proposed (41) .
Materials and Methods
Generation of DN-DISC1 tg Mice. A C-terminal truncated human DISC1 (amino acids 1-597) was inserted under the ␣CaMKII promoter in a modified pMM403 vector (42) . The insert was injected into oocytes of C57BL/6 mice at the Transgenic Core Laboratory of The Johns Hopkins University. Integration of the transgenes into the mouse genome was confirmed by genomic PCR with primers containing a transgene specific sequence (sense human DISC1 nucleotides 1354 -1373: 5Ј-GAATG-GAGCCGAGGCTGTTG-3Ј) and a vector derived sequence (antisense, ␣CaMKII-R: CAGTGTGATGGATGGATATC). Lines 10 and 37 were established by mating with C57BL6 mice maintaining the purity of the genetic background. Heterozygous line 10 and 37 male tg and wt littermates were compared in further experiments. All procedures related to animals were performed according to the Johns Hopkins animal care and use guidelines.
RT-PCR. Total RNA from olfactory bulbs, frontal cortex, hippocampus, basal ganglia, and cerebellum was purified by using the RNeasy Protect Mini Kit (Qiagen, Valencia, CA). RT-PCR was performed with the SuperScript III one-step RT-PCR system (Invitrogen, Carlsbad, CA) with an annealing temperature of 55°C. The primers were as follows: sense, ␣CaMKII 5Ј-ATTCGCTGTCTGCGAGGGCC-3Ј; antisense: human DISC1 5Ј-TCTCACAGAGGTCACAGTAGGGGCTGCT-GCAC-3Ј.
In Situ Hybridization. In situ hybridization was performed by using digoxygenin (DIG)-labeled cRNA probes with sequences corresponding to the SV40 polyA region in pBluescript. Sense and antisense probes were synthesized and DIG-labeled by in vitro transcription using T3 or T7 RNA polymerase (Roche, Basel, Switzerland). In situ hybridization was performed on 20-m-thick coronal cryosections as described (15) with modifications as follows: for hybridization, 500 ng of probe cRNA at 56°C were used; anti-digoxygenin-alkaline phosphatase Fab fragments (Roche) were applied to sections at 1:1,000.
MRI.
In vivo MRI experiments were performed on the 11.7T Bruker Biospec small animal imaging system. A threedimensional, fast-spin echo, diffusion weighted (DW) imaging sequence with twin navigation echoes was used (43, 44) . For ex vivo MRI, three-dimensional multiple spin echo T2-weighted imaging was performed in 9.4 T Bruker scanners to fit the T2 map, with echo train length 2. For more details see SI Materials and Methods.
Immunohistochemistry. Twenty-micrometer coronal cryosections were cut from brains of line 37 mice perfused at 3 months old.
The following antibodies were used at 1:100 dilution: parvalbumin (Sigma, Poole, UK); calbindin (Sigma); and calretinin (Chemicon, Temecula, CA). Biotinylated anti-mouse antibodies (Jackson ImmunoResearch Laboratories, West Grove, PA) were used along with an ABC Elite kit (Vector Laboratories, Burlingame, CA) to amplify the signal and diaminobenzidine (Vector Laboratories) was used for development. Sections were counterstained with cresyl violet, and immunostained cells of the medial prefrontal cortex that includes prelimbic and infralimbic areas (the area outlined in red in Fig. 3a) were counted under ϫ10 magnification. This area was chosen as the initial evaluation, because the area can be objectively defined easily without costaining of layer markers.
Behavioral Analysis. Behavioral analysis was done between 3 and 8 months of age, with intervals between the different behavioral tasks of Ϸ1 week. tg (n ϭ 17) and wt littermates (n ϭ 8) of line 37 were subjected to all of the tests except for rotarod. Only Y-maze was performed with another 37 cohort (tg, n ϭ 15; wt littermates, n ϭ 11). Tg (n ϭ 9) and wt littermates (n ϭ 10) of line 10 were tested in rotarod, open field, prepulse inhibition, and hidden food tests. Hidden Food Test. The mice were food-deprived for 24 h. After habituation to a new cage for 5 min, a food pellet was hidden under the bedding. The time it took for the mouse to find the food pellet was measured until a maximum of 10 min was reached.
Prepulse Inhibition. Acoustic startle and prepulse inhibition responses were measured in a startle chamber (San Diego Instruments). Each mouse was subjected to six sets of seven trial types distributed pseudorandomly: pulse-alone trials, prepulse-pulse trials, and no-stimulus trials. The pulse used was 120 dB and the prepulses were as follows: 74, 78, 82, 86, and 90 dB. For more details see SI Materials and Methods.
Forced Swim Test. Each mouse was put in a large plastic cylinder, which was half-filled with room temperature water. The test duration was 6 min, during which the swim/immobility times were recorded.
Statistical Analysis. Statistical analysis was performed by ANOVA or repeated ANOVA. Values in graphs are expressed as mean plus standard error. Significance levels are marked as follows: ‫,ء‬ P Ͻ 0.05; ‫,ءء‬ P Ͻ 0.01. 
